Elucidating the genetic basis of human inherited disorders is a major goal of medical genetics. The application of this knowledge can lead to improvements in disease prevention and treatment. More than 1600 genes are now known to cause an inherited disease when they acquire a mutation. The information of genes and mutations causing disease is stored in several databases, such as OMIM [1] , LocusLink [2] and The Human Gene Mutation Database [3] .
The experimental analysis of genes and the consequences of mutations involved in particular diseases is important for the advancement of knowledge in human hereditary diseases. Moreover, now that the complete human genome sequence is known and the number of genes involved in disease is substantial, it is crucial to 2005|10|27 3 /22 further develop other types of approaches in medical genomics that can provide us with a different point of view of hereditary disease. Instead of focusing on one gene or one disease, the prospect of a genome-scale perspective for genes and diseases is emerging. This global viewpoint can help us to obtain a better understanding of disease mechanisms in a generalized manner.
A gene is involved in a hereditary disease when its sequence has been subjected to a mutation that impairs its function or expression strongly enough to produce a certain pathological phenotype that is classified as disease. The type of phenotype a particular mutation causes is typically related to the function and the biological process in which the gene is involved as well as the expression pattern of the gene.
In fact, several methodologies have been developed to identify candidate disease genes for particular diseases that rely on the hypothesis that similar diseases will be caused by functionally similar genes [4] [5] [6] [7] [8] , although this hypothesis has never been tested in detail. We propose that the classification of hereditary diseases and the classification of the genes involved in these diseases should reveal interesting correlations and tendencies of certain classes of genes to be involved in specific types of diseases. We have compiled a set of 1647 genes known to be involved in disease from the OMIM database [1] . In general, these are single-gene disorders, in which at least one mutation leading to the disease phenotype has been identified.
These genes have been classified, where possible, according to the type of disease they cause, the mode of inheritance, their functional class, and the biological process in which they are involved. The analysis of the properties of gene products and the characteristics of their associated phenotype reveals interesting correlations and allows us to obtain a global picture of the causes of inherited disease at multiple levels -from anatomical to physiological and from molecular to genetic.
Classification of hereditary disease genes
Genes involved in hereditary disease are catalogued in The Online database of Mendelian Inheritance in Man (OMIM) [9] . We retrieved the list of genes from the 'morbid map' matching and stemming -as described elsewhere [12] , ii) Medline assignment;
MeSH terms in Medline abstracts were retrieved through SRS [13] and linked to the corresponding disease gene using the OMIM identification number, and iii) manual curation was used when no assignment was obtained using the two previous methods. In total, 1260 disease genes (77% of total) were thus assigned to (at least) one MeSH term related to the phenotype they cause when they have mutations. Note that some disease genes cause syndromes or diseases that affect several systems or organs and thus they are classified simultaneously in several disease categories. The distribution for the most general level of the hierarchical structure of MeSH disease terms is quite variable; in total there are 17 different categories. The two most frequent disease categories in human inherited diseases are 'nervous system' diseases and 'neonatal diseases and abnormalities' (both at 14% of total), followed by 'metabolic', 'musculoskeletal' diseases and 'neoplasms' (Figure 1a) .
Disease genes were also classified according to the mode of inheritance of the disease they cause using text mining automatic extraction from the clinical synopsis section in OMIM database and manual curation. Most of the disease genes (74% of total) cause either dominant or recessive diseases, or both, depending on the mutation (Figure 1b) . Other types of hereditary mutations include X-linked, chromosome rearrangements and association for complex traits (see Glossary).
Each human gene was classified according to the molecular function of its protein product and the biological process it is involved in, according to Gene Ontology (GO) 'slim' terms [14] . In total, 12221 human genes and 1430 disease genes (87% Table 1 ).
Mode of inheritance and sequence conservation
We have analyzed the disease gene set for evidence of correlations between the and 1000 random simulations of the GO distributions (see Supplementary Table   1) . These results are highly consistent with the general theory of dominance [16] , in which information on the relevant mechanism(s) for different types of mutations can affect specific gene classes. This is highly consistent with current knowledge from genetics [20] : recessive 
Gene classes and disease type
In general, it would be expected that the GO Molecular Function and Biological
Process in which the gene is associated should relate to the disease phenotype it causes when mutated. In fact, several methodologies to identify candidate disease genes use this principle [4] [5] [6] [7] [8] , although a profound study on the magnitude of these relationships has never been performed. In order to investigate the extent to which this applies, we have classified the number of genes involved in each type of disease according to the GO Molecular Functional and Biological Process classes they belong to. We have assessed statistically the GO patterns observed for each type of disease by Chi square test (see Figure 3 ) and performing 1000 random
simulations of the GO distributions (see Supplementary Table 2 ). This analysis reveals that although genes encoding proteins in all functional categories or biological processes can be involved in different diseases, some classes of genes are preferentially involved in specific disease types (Figure 3) . Despite the fact that some of these patterns are expected and highly consistent with current knowledge, this is the first time a quantitative correlation analysis of these properties has been performed.
With regard to molecular function, it is evident for instance that metabolic diseases are primarily caused by enzymes and also transporters. It is also interesting to note that nucleic acid binding genes and transcription regulators are over-represented in the group of genes that cause neoplasms and strongly underrepresented in metabolic diseases, or that skin diseases are mainly caused by structural molecules (Figure 3 , left panel).
With regard to biological processes, it is apparent that genes involved in stress response and death are over-represented in immunologic diseases, or that cardiovascular diseases are exclusively associated with cell motility genes. It is also interesting to note that genes causing inherited neoplasm diseases are mostly involved in cell cycle, stress response and cell growth and maintenance (Figure 3, 
right panel).
These correlations between classes of genes and type of disease mostly follow expectations and reflect our current state of knowledge. For example, the fact that mutations in genes encoding enzymes are mostly associated with metabolic diseases and not in neoplasms can be easily appreciated. Another characteristic example is the class of structural molecules associated with phenotypes affecting the cardiovascular system or the skin, two tissues whose function crucially depends on properly formed structural proteins. This type of analysis also unravels the complexity of some diseases: for instance, metabolic diseases and neoplasms appear to have a more complex pattern of functional categories than, for example, otorhinolaryngologic (ear/nose/throat), eye or skin diseases.
Disease type and tissue-specific expression patterns
The type of phenotype caused by mutations in a particular gene must also be related to the tissue-specific expression pattern of that gene. We have thus analysed tissue-specific expression patterns of disease genes with regard to the type of disease they cause. This analysis has been performed using two different datasets, namely human [22] (Figure 4) and mouse tissue-specific expression data [23] (Figure 5 ). In total, 1545 human disease genes are represented in the human gene atlas (94% of total). For the mouse microarray dataset, genes were mapped to their corresponding human ortholog according to Supplemental Table 4 from the original publication [23] . In all, the gene expression pattern for 8553 human genes can be inferred from the mouse expression data, of which 740 are OMIM disease genes (45% of total). We only took into account those tissues in which every gene is prominently expressed. To ensure that values are comparable, we included genes expressed with a median-subtracted >4 for human, and a median-subtracted arcsinh value >1 for mouse. The number of genes notably expressed in each tissue and causing a particular disease type were compared to an expected value (following a Chi-square test) (Figures 4, 5) . The matrices of Chi square values were re-ordered for a better visual representation using the Sotarray clustering algorithm [24] from the GEPAS server [25] .
It thus becomes manifestly evident that genes causing phenotypes affecting particular tissues are preferentially expressed in tissues in which the phenotype is noticeable. For example, the set of genes causing metabolic diseases are preferentially expressed in tissues involved in metabolism such as human kidney or liver (Figure 4 ) and also heart, stomach or intestine in mouse, but not at the embryonic tissues ( Figure 5 ). Other striking examples include the positive association of lymph nodes with immune disease and bone marrow with hemic and lymphatic diseases in the human dataset (Figure 4) or the negative association of skin diseases with kidney in the mouse dataset (Figure 5) , among multiple others.
It is reassuring to observe that similar results are obtained with data from both human and mouse tissues. When only the 23 tissues shared by the two species datasets are considered, these patterns are remarkably comparable (Figure 6 ).
Discussion
Currently, there are more than 1600 human genes known to be associated with a particular disease phenotype. The analysis of this group of genes from a global perspective has already revealed interesting insights about the nature of human disease [21] . Despite the importance of experimental analysis of human disease at the molecular level, complementary computational approaches are able to investigate patterns of hereditary disease in ways that medical genetics experiments cannot readily achieve. Importantly, new questions arise, assisting us to formulate accurate hypotheses to be further investigated.
Some important steps have already been made towards this direction. Previously, a report explored the functional classification of disease genes and described a correlation between the function of the gene product and general features of the disease, such as the age of onset, reduction of life expectancy and the mode of inheritance [15] . Recently, we have shown that genes involved in human disease have specific sequence properties compared to the rest of genes in the human genome that make them more likely to undergo mutations leading to a disease phenotype [21] . Sequence analysis for several eukaryotes revealed that human proteins with multiple long amino acid runs are often associated with disease [26] .
Others have identified 714 human disease genes matching 548 Drosophila sequences [27] .
Other recent work has focused on the global analysis of disease-associated mutations [28] [29] [30] [31] . These studies reveal that the mutated residues in disease proteins have common sequences and structural properties and are usually associated with radical changes in protein structure [28, 31] . Also it has been
shown that most disease-mutated residues are evolutionarily conserved [29, 30] .
Genome-wide identification of disease-relevant human genes is a growing area of research. Recent studies describe different approaches based on computational methods to identify disease-associated genes. Automatic search using text mining in the biomedical literature has proven to be successful in the identification of candidate genes for hereditary diseases [4] . Detection of structural and evolutionary properties of protein sequences have also been identified that allow detection of both known human disease genes and novel candidate genes [21] . Other computational methods for the identification of disease-related genes rely on the hypothesis that similar diseases will be caused by functionally similar genes [5, 6] .
Tools that integrate data from mapping, expression and phenotypic databases to retrieve a list of genes based on user-defined criteria have been devised [7] . The term "patholog" has been proposed to mean a homolog of a human disease-related gene and itself a candidate to be involved in disease. The identification of "pathologs" from mouse cDNA datasets combined with information extraction methods in parallel with human expert analysis of MEDLINE abstracts has been recently proposed [8] . Development of these methods is crucial to maximize the medically relevant knowledge that can be extracted from the Human Genome
Project. Experimental cost can be largely reduced by the use of such methods to generate an accurate and objective list of candidate genes for human genetic disease.
Conclusion
This global analysis unravels correlations between modes of inheritance and sequence conservation, disease types, functional attributes such as molecular function or biological processes, and finally tissue-specific expression patterns of genes. The correlations detected provide a consistent picture that facilitates our understanding of the complex basis of hereditary disease [32] , and depicts relationships between disease phenotype and molecular properties of the genes involved that can be used for prediction of new candidate genes, as has been previously done for some of these correlations [4] [5] [6] [7] [8] .
This work together with other recent reports on the global analysis of diseaserelated genes and their mutations emphasize the importance and potential application of comparative disease genomics. A genome-scale approach for the study of medical genetics thus allows the formulation of new questions that will lead to a more comprehensive view of disease mechanisms. This information should therefore accelerate the identification of genes involved in human hereditary diseases.
Glossary
Recessive disease -A genetic disorder that appears only in patients who have received two copies of a mutant gene (homozygotes), one from each parent.
Dominant disease -A genetic disorder in which the phenotype is expressed in those who have inherited only one copy of a particular gene mutation (heterozygotes).
X-linked disease -A genetic disorder caused by a mutation in a gene on the X chromosome.
Y-linked disease -A genetic disorder caused by a mutation in a gene on the Y chromosome.
Chromosome rearrangement -A structural alteration in a chromosome, usually involving breakage and reattachment of a segment of chromosome material, resulting in an abnormal configuration; examples include inversion and translocation.
Genetic predisposition -Increased susceptibility to a particular disease due to the presence of one or more gene mutations.
Loss of function mutation -A mutation that causes an impairment of the function of the gene. Loss of function mutations are typically recessive. In some cases the wild type allele may not compensate for the loss-of-function allele and the mutant allele will act as a dominant.
Gain of function mutations -In these cases the mutation creates a new allele that is associated with a new function. These mutations are generally dominant.
Dominant negative mutation -A mutation whose gene product adversely affects the normal, wild-type gene product within the same cell, usually by dimerizing (combining) with it. Distribution of types of disease caused by genes with specific molecular function (the p-value for the chi-square test is 3.4e-13) or biological process (pvalue = 5e-34). Chi-square values for each cell are represented with a colour code, as in Figure 1 -except the dark grey cells which signify equal representation (chisquare value < 1). Light grey boxes signify absence of data (sample size < 10).
Fig 4.
Distribution of types of disease caused by genes with specific expression pattern based on human expression data [22] (the p-value fot the chi-square test is 5.5e-11). Chi-square values for each cell are represented with a colour code, as in Figure 1 -except the dark grey cells which signify equal representation (chi-square value < 1). Light grey boxes signify absence of data (sample size < 10).
Fig 5.
Distribution of types of disease caused by genes with specific expression pattern based on mouse expression data [23] (the p-value fot the chi-square test is 1.12e-13). Chi-square values for each cell are represented with a colour code, as in Figure 1 -except the dark grey cells which signify equal representation (chi-square value < 1). Light grey boxes signify absence of data (sample size < 10).
Fig 6.
Plots of distribution of types of disease caused by genes with specific expression pattern for tissues comparable between human and mouse datasets. Chi-square values for each cell are represented with a colour code, as in Figure 4 and 5.
